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Introduction
In the last decade the interest of titanium dioxide thin films has been increased because of their applications in various technical fields. TiO 2 is a well known and a very attractive material owing to its chemical stability, its bio-compatibility and remarkable electrical and optical properties. Indeed, it exhibits a high dielectric constant and resistivity, a high refractive index and good optical transparency over a wide spectral range. As a result, TiO 2 thin films find several applications as for instance electrical insulator and protective layers in electronic devices and antireflective layers for optical multilayer coatings [1, 2] . TiO 2 films have also been considered as future candidates as dielectric in dynamic random access memory storage capacitors [3] . Furthermore anatase TiO 2 nanoparticles offer additional advantages such as a low cost and highly photoactive material which exhibits a suitable band gap (E g = 3.2 eV) compatible with the redox potential of the H 2 O/OH couple (− 2.8 eV). It is also a self regenerating and recyclable material. For these properties TiO 2 is a major candidate as active material in new devices, including gas sensors [4, 5] , and photocatalyst used for the decontamination and purification of environmental pollutants [6, 7] .
Titanium oxide films have been deposited by several techniques using different titanium source materials, such as anodization [8] , electrodeposition [9] , sol-gel techniques [10, 11] , activated reactive evaporation [12] , reactive dc magnetron sputtering [13] , chemical vapor deposition (CVD) [14] [15] [16] , chemical vapor infiltration [17] , plasma enhanced chemical vapor deposition [18] , electrostatic sol-spray deposition [19] , spray pyrolysis deposition [20, 21] and aerosol assisted CVD namely Pyrosol [22] .
Pyrosol process consists of the transport, the vaporisation and the pyrolysis of an aerosol, i.e. a fine mist produced from a liquid solution using a pneumatic or a piezoelectric device. This technique has been used to deposit under atmospheric pressure conductive films of simple oxides such as ZnO, In 2 O 3 and SnO 2 , which are used for their electrical and optoelectrical properties [23, 24] as well as multicomponent oxides such as LiNbO 3 and LiTaO 3 for acoustic wave applications [25] . TiO 2 thin films were recently deposited on Si and quartz substrates by Pyrosol in the presence of oxygen using Ti-n-butoxide and Tidiisopropoxide as molecular precursor diluted in isopropanol and ethanol, respectively [26] [27] [28] . These films exhibited a smooth surface morphology and a good crystallinity.
In this paper we report a study on the deposition under atmospheric pressure of TiO 2 thin films by Pyrosol technique using different starting solutions of titanium tetraisopropoxide (TTIP) in acetylacetone (Acac). We particularly focus on the influence of the Pyrosol process parameters and of the solution concentration on the growth rate and the microstructure of the films. Preliminary properties of these thin films are described and confirm their potential applications.
Experimental details
Pyrosol is related to the CVD process and is based on the transport, the vaporisation and the pyrolysis of an aerosol produced by ultrahigh frequency spraying of a solution. The liquid solution containing the reactants used as molecular precursor is placed in a glass vessel fitted at its bottom with a piezoelectric transducer. The volume of the solution in the vessel is automatically maintained constant using an additional container as previously described by Langlet and Joubert [29] . The transducer, excited near its own resonance frequency, produces at the surface of the solution a mist composed of ultrafine droplets, which are conveyed using an inert carrier gas, toward the deposition zone. The process operates under atmospheric pressure. N 2 was used as inert carrier gas with a fixed flow rate of 5 slm. No additional reactive gas such as oxidant gas was used in these experiments.
The success of the Pyrosol technique depends critically on the properties of the solution including the volatility and stability of the precursor. This last compound must be soluble in an adequate solvent and stable under the experimental conditions during its transport as an aerosol. Under these conditions the aerosol droplets vaporise at a certain distance from the heated substrate and the vapor undergoes near the substrate a thermal decomposition (CVD mode) leading to the growth of a thin film and production of gaseous by-products. A cold-wall vertical quartz reactor, 5 cm in diameter, was used for the deposition of the layers. Si(100) and steel substrates were placed on a stainless steel sample holder (3.2 cm in diameter) heated by high frequency induction. The surface of the substrate was perpendicular to the aerosol stream.
The structural characteristics of the films were studied by Xray diffraction (XRD) using grazing and θ-θ geometry (Cu Kα) depending on the thickness of the films. The surface morphology and film thicknesses determined on cross sections were analyzed using a scanning electron microscope (LEO 435VP). The composition uniformity of the samples was analyzed by secondary ion mass spectrometry (SIMS) under Cs + sputtering. Photocatalytic activity was tested by analyzing the degradation of an Orange G aqueous solution irradiated under UV light using a high pressure mercury lamp with a main emission peak at 365 nm (Philips HPLN 125 W).
Results and discussion

Control of the aerosol
A first set of experiments were carried out to determine the flow rate of solution or the quantity of solution consumed to produce the aerosol under various Pyrosol conditions. This is directly related to the aerosol flow rate and then to the precursor flow rate when the concentration of the solution is known. We have examined the influence of various parameters including (i) the TTIP concentration in acetylacetone used as solvent, (ii) the power and (iii) the frequency used to produce the aerosol and (iv) the time of the experiment. The frequency was varied around the resonance frequency of our transducer, while the power was varied as fractions of the maximum power of our electronic generator. The frequency directly acts on the diameter of the droplets ejected from the surface of the liquid solution while the power influences the amount of droplets or, in other words, the aerosol flow rate. Table 1 presents the typical Pyrosol growth conditions for the deposition of TiO 2 films. The maximum power of the generator was 150 W, but the values used were adjusted to control the aerosol flow rate and they are given in percentage of the maximum power.
Special care is necessary to handle the solution because of the extreme reactivity of the TTIP to the moisture which can induce the formation of various mixed alkoxide/hydroxide compounds. For instance, in preliminary experiments without stringent precautions undesirable precipitates have been observed during the preparation and handling of the solution. Further, the different liquid solutions were prepared under the inert atmosphere of a glove box. The presence of acetylacetone as solvent reduces the chemical reactivity by steric hindrance and avoids partial hydrolysis and polycondensation of TTIP. As a result, clear, colorless and stable liquid solutions were prepared. Acetylacetone (Acac) exhibits favourable physical properties (viscosity, surface tension, density and volatility) to produce a good aerosol with high flow rate. For this reason this solvent is frequently chosen for film deposition by Pyrosol technique. Despite the capability of acetylacetone to be transported in large quantity in the form of an aerosol, the flow rate of the aerosol and further the growth rate of the films strongly depend on the concentration of the solution.
Two experimental procedures were used to determine the aerosol flow rate. When using TTIP/Acac solutions the volume of solution consumed during the run was measured before and after the nebulization. When pure TTIP was used without solvent the volume of consumed liquid was too low for a short period to be precisely determined. Alternatively the aerosol was trapped at the entrance of the reactor by bubbling through a The aerosol flow rate (F a ) depends on the vapor pressure (P), the viscosity (η) and surface tension (σ) of the solution as well as a coefficient K, which depends on the power used to generate the mist, according to [30] :
As revealed by Eq. (1), the viscosity has an important role on the efficiency of the aerosol formation since the flow rate of the aerosol is inversely proportional to the square of the viscosity. Fig. 1 shows the variations of the viscosity and the flow rate of nebulized solutions as a function of the composition of the TTIP/Acac solution.
The volume of solution used to form the aerosol, i.e. the quantity of aerosol, significantly decreases by increasing the TTIP concentration. Above a concentration of 2 M of the TTIP/ Acac solutions it was very difficult to form an aerosol. This is strongly correlated to changes in the viscosity of the solution which increases from 0.8 cP for diluted solution to 8.3 cP for 2 M and 2.5 M TTIP/Acac solutions. It is assumed that metal complexes like Ti(i-OPr) 4−x (Acac) x are formed in the solution for concentrations higher than the critical value 2 M. A lower value of viscosity (2.3 cP) is obtained for pure TTIP which makes possible its transport as an aerosol (pure TTIP without solvent corresponds to the 3.5 M solution). Whatever the generator power, there is a domain of frequency where the aerosol flow rate is maximum and nearly constant: it is named range of agreement frequency [31] . In our case this frequency was around 800 kHz and it was kept constant at this value for all series presented in this paper.
It was observed that the flow rate of solution consumed to generate the aerosol increases with the power before reaching a maximum which depends on the concentration. The curves are shifted toward the high values of the power when the concentration of TTIP/Acac solutions increases (Fig. 2) . This is correlated to the increase of viscosity of TTIP/Acac solutions. As a result, the equivalent mole flow rate of TTIP can be controlled in a relatively large range, typically from 3.3 · 10 − 4 mol/min (7.4 sccm) for a 0.5 M solution using a power of 35% to 9 · 10 − 3 mol/min (201.6 sccm) for a 3.5 M solution (i.e. without solvent) using a power of 50%.
The variation of the quantity of the solution consumed with the nebulization time is represented in Fig. 3 . Using a 0.5 M TTIP/Acac solution we observe a linear increase, which indicates a constant aerosol flow rate (0.88 ml/min) over a period of about 40 min. For higher nebulization times a decrease of the aerosol flow is expected due to the preferential evaporation of solvent and so to the increase of concentration of TTIP/Acac solution in the vessel which was not thermostated.
Morphology and structure of the films
The coatings obtained by Pyrosol between 723 and 923 K using various TTIP/Acac solutions are single-phased and Fig. 1 . Influence of the composition of TTIP/Acac solutions on the viscosity and the flow rate of liquid solution consumed during the Pyrosol runs using a power of 34% (all other parameters were kept constant). exhibit the anatase structure (Fig. 4) . The crystallinity did not show major changes as a function of the deposition temperature in the explored range. Moreover, no significant effect of the substrate was found on the crystallinity. Typically the crystallite size estimated using the Scherrer formula is around 6 nm for films grown using diluted solutions. No significant change of crystallinity is observed for layers obtained starting from 0.5 M to 1.5 M TTIP/Acac solutions. No evidence for preferential orientation of the growth was found. Using TTIP/Acac diluted solutions, possibly the presence of Acac solvent molecules on the growing surface hinders the growth of large crystals of anatase leading to a nanocrystalline structure. A similar effect was reported for N-doped TiO 2 films [32] .
The layers obtained using pure TTIP (without solvent) as starting solution consist of anatase/rutile mixtures whose ratio depends on the substrate temperature and the generator power. They exhibit a better crystallinity with a crystallite size larger than 30 nm. Under the explored conditions, the rutile amount is lower than anatase and it is favoured by the increase of the deposition temperature and by the decrease of the generator power, i.e. the TTIP mole fraction in the reactor, as already reported in conventional MOCVD process [33] .
The films showed a good uniformity with different bright colors depending on their thickness. Due to the narrow distribution of the droplet size, the micro-droplets produced by ultrasonic pulverisation undergo a rapid vaporisation and pyrolysis leading to a homogeneously gas phase distribution on the substrate surface, which contributes to a good thickness uniformity of the films. A mapping of the thickness measured by SEM and reflectometry does not show great differences depending on the zone, indicating good thickness uniformity on substrates of a few square centimeters. The solvent seems to act as a surfactant during the deposition because when it is present a relatively high compactness of the film is observed. Using 0.5 M and 1.5 M TTIP/Acac diluted solutions, no morphological change was observed with the increase of the power. By contrast, using pure TTIP without solvent, we notice a variation of morphology by increasing the power (Fig. 5) . So, for powers ranging from 30 to 45% the growth is columnar as already reported for CVD process using comparable TTIP mole fraction, whereas the layers are constituted of a mixture of micrometric and nanometric crystallites which form a compact structure using a power in the range 45-55% (the growth temperature was 773 K). As presented in Fig. 2 , the amount of TTIP for the generator power range 45-55% is very high (TTIP mole fraction is around 3% in the gas phase). For temperatures in the range 723-773 K, the high concentration in the gas phase near the substrates leads to the formation of compact layers. For temperatures higher than 823 K, a homogeneous nucleation in the gas phase (powder formation) starts and a columnar growth is observed.
The morphology of the films changes by increasing the deposition temperature. The coatings obtained at 773 K from TTIP/Acac diluted solution are very compact and uniform. No (Fig. 6) . Probably, the pyrolysis of the solvent that occurs at high temperature explains this morphological change. The coatings grown using TTIP without solvent exhibit also different morphologies when the deposition temperature increases. The growth is columnar over the whole temperature range (723-923 K) but the film porosity drastically increases with the temperature leading to a high specific surface area. This cauliflower-like structure was already observed for TiO 2 films grown by conventional MOCVD [33] . As a result, this Pyrosol process using diluted TTIP/Acac solutions and pure TTIP provides an easy way to deposit either compact and smooth films or layers exhibiting a high porous structure. Fig. 7 shows reflectance spectra of two TiO 2 films (2500 nm) grown using 1.5 M TTIP/Acac solution and TTIP without solvent. The reflectance spectrum of the film grown starting from TTIP/Acac solution exhibits multiple oscillations in the visible and near infrared spectral range. This behavior is related to the high compactness of the films and gives good potentiality for optical applications. The refractive index measured by ellipsometry is typically 2.43 at 1.5 μm. The reflectance spectrum of the film grown starting from pure TTIP without solvent does not show such oscillations. This is due to the scattering of the light induced by the high porosity and the high surface roughness of this film. A higher absorption of the light in the 350-380 nm range is observed for the film grown starting from TTIP without solvent (band gap determined around 3.2 eV), while the film grown using TTIP/Acac solutions exhibits a higher reflectance in this wavelength range due probably to the highest amount of C incorporated in the film.
This assumption of C contamination is confirmed by the SIMS concentration profiles of two films obtained using 0.5 M TTIP/Acac and pure TTIP at 773 K, in both cases using a power of 34% (Fig. 8) . The Ti and O profiles are flat and uniform. The Si profile originating from the substrate shows an abrupt interface for the layer grown using 0.5 M TTIP/Acac solutions in agreement with the highly compact structure of this film (Fig. 7) . A relatively high concentration of carbon likely due to the decomposition of acetylacetone is found. This is in good agreement with the poor crystallinity of this film (Fig. 4) . For the layer obtained using pure TTIP, the Si profile revealed an apparent diffuse interface. This is certainly due to the high porosity of the layer as revealed by Fig. 5 . It is also noticed for this sample that the carbon contamination is significantly less important (almost two orders of magnitude lower) than in the layer obtained using TTIP/Acac solutions. This supports the assumption that the acetylacetone solvent significantly contributes to the carbon contamination of the Pyrosol TiO 2 layers.
Growth kinetics
The thickness of the TiO 2 films was found to increase linearly with the deposition time at 773 K for experiments carried out starting from a 0.5 M TTIP/Acac solution and using a power of 34%. This indicates a constant growth rate of 85 nm/min over several tens of minutes and permits a good reproducibility of the deposition process. Good thickness uniformity was also observed as evidenced by the homogeneous interferential colors of the samples. Fig. 9 shows the variations of the growth rate with the deposition temperature for layers obtained using three solutions: 0.5 M TTIP/Acac, 1.5 M TTIP/Acac and pure TTIP using a power of 34% to generate the aerosol. The growth mode of the layers obtained from diluted TTIP/Acac solutions is kinetically controlled in the whole temperature range explored (723-923 K). For these diluted TTIP/Acac solutions, increasing the concentration of TTIP slightly decreases the deposition rate. This is probably due to the fact that by increasing the TTIP concentration the viscosity increases and, subsequently, the aerosol flow rate decreases as shown in Fig. 1 . The apparent activation energy decreases from 174 kJ/mol to 135 kJ/mol by increasing the TTIP concentration from 0.5 M to 1.5 M. The variation of the growth rate with the temperature for the experiments carried out starting from pure TTIP reveals three kinetic modes: (i) a chemical kinetics regime at low temperature (723-823 K), (ii) probably a diffusion regime (823-873 K) and (iii) a depletion regime likely due to gas phase reactions occurring at high temperature (N873 K). This behavior is frequently found in conventional thermal CVD.
By increasing the power of the electronic generator, the quantity of liquid solution used to produce the aerosol, i.e. the aerosol flow rate, increases to reach a maximum before decreasing more or less rapidly depending on the concentration of the solution (Fig. 2) . Fig. 10 shows the variation of the growth rate with the power of the electronic generator for Pyrosol runs carried out using a 0.5 M TTIP/Acac diluted solution and pure TTIP without solvent. The similarities between these curves and those reported on Fig. 2 clearly indicate a strong correlation between the aerosol flow rate and the growth of the TiO 2 thin films. The growth rate increases with the power to reach for instance 8 and 108 μm/h using 0.5 M TTIP/Acac solution and pure TTIP, respectively. This very high growth rate is noteworthy revealing that this Pyrosol process can be applied for a continuous deposition in a conveyor belt furnace.
Photocatalytic properties of Pyrosol TiO 2 films
When TiO 2 is exposed to UV light, it absorbs the photons whose energy is larger than the band gap and, subsequently, electrons-holes pairs are generated. The holes created in the valence band are transported toward the surface and react with water molecules producing hydroxyl radicals ( U OH). The photogenerated electrons in the conduction band react with molecular oxygen (O 2 ) and produce superoxide (O 2 − ) anion radicals [34] . These two reactive species oxidize readily the organic compounds adsorbed on the TiO 2 surface. Fig. 11 shows the photocatalytic degradation of an aqueous solution of Orange G (10 ppm) by two TiO 2 samples (2500 nm thick) grown on steel substrate at 773 K using TTIP/Acac diluted solution (1.5 M) and TTIP without solvent, respectively. The sample was immersed into the Orange G solution chosen as model pollutant and irradiated under UV light. The sample grown using TTIP/Acac solution exhibit a low photocatalytic activity compared with the sample grown using pure TTIP without solvent. This last sample decomposes 50% of the initial quantity of orange G in approximately 75 min. The difference of photocatalytic activity is essentially explained by the difference in the specific surface area and the carbon contamination of the films. The sample grown using TTIP without solvent shows a higher specific surface area (Fig. 5) and a lower C contamination (less than 3 at.% by electron probe micro-analysis), while the sample grown using TTIP/Acac diluted solution shows a compact structure, a very smooth surface morphology (Fig. 6 ) and a higher C contamination (Fig. 8) .
Conclusions
TiO 2 coatings were deposited by Pyrosol on various substrates. We have examined the influence of the TTIP concentration in acetylacetone, the power and the frequency used to produce the aerosol and the time of the deposition experiment. The viscosity of starting solutions plays an important role on the efficiency of nebulization of TTIP/Acac solutions and, consequently, on the microstructure and the growth rate of the TiO 2 thin films. Generally, different behaviors are found between the kinetic, morphological and structural features of the films grown using TTIP/Acac diluted solutions and pure TTIP without solvent. Their morphology, structure and purity can be controlled by changing the process parameters, specially the growth temperature and the TTIP/ Acac concentration of the solutions. Single-phased (anatase) and bi-phased (anatase and rutile) coatings can be deposited at moderate temperature. Compact layers can be deposited using TTIP/Acac diluted solutions in the temperature range 673-823 K with interesting optical properties. Porous TiO 2 layers can be obtained using directly TTIP without solvent with promising photocatalytic activity. Both the high growth rate of Pyrosol TiO 2 films using TTIP without solvent and their good photocatalytic behavior under UV light make these films potentially interesting as supported photocatalysts for large scale applications. Further investigations on this process are currently in progress.
